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I. INTRODUCTION
Dilute solutions of iron group atoms in Cu are of interest in the general problern of the occurrence of magnetism and also for the Kondo effect. One way in which the Kondo effect manifests 1 itself is through a magnetic susceptibility obeying a Curie-Weiss law, x = C/(T + TK) (where Cis a constant,
T the temperature and TK the so-called Kondo temperature), rather than Curie's law. Another way in which it manifests itself is through a minimum in the electrical resistance as one goes down in temperature. A minimum occurs near TK. The presence ofthe magnetic atom polarizes the conduction electron spins in its vicinity. Some theories and experiments have suggested that the conduction electron spin polarization, erz(r), near the magnetic atom undergoes a significant change in shape when T is cooled below TK· This viewpoint arose because it had been proved that the ground state of a magnetic atom in a non-magnetic metal, at least for a spin 1/2 atom, should be a spin singlet in which the magnetic atom spin is paired off with the conduction electron spin. The fact that magnetic atoms would broaden the resonance of the host nuclei far from the magnetic centre was first observed by Sugawara 2 , who looked at the nuclear resonance of copper containing small amounts of iron-group atoms. He observed that the line broadened as the temperature was lowered, roughly following the magnetic susceptibility. If the breadth of the resonance, 11H, is proportional to the magnetic susceptibility and if the magnetic susceptibility obeys the Curie-Weiss law, then a plot of the inverse of the linewidth versus the temperature should be a straight line whose intercept determines TK. Alternatively one can plot the linewidth versus 1/(T + TK) if TK is known. Heeger and his colleagues studied 1 the nuclear resonance of copper containing small amounts of iron for which TK = 29 K. Taking TK from susceptibility measurements, he observed that the data at high temperature fit a straight line for this second kind of plot, but that at low temperature the line was substantially broader than given by this expression. He attributed this extra broadening to a 'Kondo condensation', some modification of the wave function associated with formation of the ground state singlet.
Various theoretical attacks on the problern gave differing results. The essence of the controversy, both theoretical and experimental, is whether the proper expression for the conduction electron spin density, er 2 (r, T), in an applied magnetic field His given by equation (l) or equation (2) : (2) where Xs( T) is the temperature-rlependent spin susceptibility of the iron atom. Equation (1) says that the spin polarization resulting from the presence of a magnetic atom has the same temperature dependence as the spin contribution to the magnetic susceptibility of the impurity atom, and has a spatial dependence given by the temperature-independent function j{r). Equation (2) implies that as the temperature is changed not only does the temperature variation of the spin susceptibility influence erz' but also the shape function, g(r, T), changes, presumably as the temperature passes across the region of the Kondo temperature.
Several years ago our group decided to attempt to study er 2 (r, T) by looking for the resonance of specific shells of neighbours which are very close to one or another of the magnetic impurities, e.g. the atoms in the first shell of neighbours, atoms in the second shell of neighbours, etc. These shells should give resonances which we call satellites because they are displaced from the strong resonance of the host nuclei far from the magnetic atom, the so-called mainline. The satellites from neighbours to non-magnetic atoms in alumini um had been observed in our laboratory some years ago by Fernelius. Drain 3 had independently carried out extensive studies of such resonances. They are difficult to see because the metal samples are powdered and there is a quadrupole smear. Alloul et al. 4 had observed the magnetic effects of neighbours to Mn in Al.
Encouraged by these results, we resolved to attempt to find such satellites in the copper-based alloys. The reason for going to copper isthat copper is a host for which the Kondo effect is known to occur, and for which one expects to have a good nuclear resonance from the host lattice. However, no one had reported seeing such satellites to magnetic atoms in copper. The strategy upon which we settled, carried out largely by J ames Boyce, was to make alloys of all the iron-group atoms in copper, with a range of concentration for each alloy which we judged optimum (from about 0.05% to 0.5 ~~~ atom ratio ). We did not know which if any alloy might give rise to satellites, and we did not know what concentration might give the best balance between having enough magnetic atoms to give us enough neighbours to see without causing too broad a resonance which would result at too high a concentration. The sample preparation jobwas a monumental task. We hoped to find a satellite in at least one alloy. T oday we can report success for all the iron group V to Ni, inclusive.
The first resonances were found by Lo by steady state methods and by Boyce using nuclear double resonance. Their work tagether with that of David Lang has been published earlier (on the systems CuNi and CuCo) 5 • 6 . We report here the new results on V, Cr, Mn and Fe. Some ofthe later samples were made by Thomas Stakelon. He made all of the single-crystal samples.
II.APPARATUS
The apparatus has been described in papers which have either appeared in Physical Reviewor are about to appear. They are all bridge-type apparatuses operating with 50 or 100 Q lines with a hybrid tee as the bridge element. This enabled the apparatus to be tuned over a broad range of frequencies, as is necessary in this type of work. We have worked at fields from 6 kG to 63 kG and at temperatures from 1.2 K to 450 K.
The bridge is run as perfectly balanced as possible. Absorption versus dispersion or any desired linear combination is obtained by adjusting a phase shifter in aseparate arm which injects oscillator voltage into the mixing stage of the r.f. amplifer. This feature is important, since one of the major difficulties in detecting resonances is that they occur on the tails of the main absorption line, which is often quite broad in these magnetic samples. lt is very difficult to detect a weak resonance on the sloping background. A proper mixture of absorption and dispersion enables one to flatten the base line and thus see resonances which would otherwise be very difficult to see.
A second essential feature for detecting many of these lines is the ability to average for several days at a time. The use of a signal averager makes this possible. Signal averaging is a useful technique when one knows where to look. Thus, it is often possible to follow a resonance which is found under favourable circumstances-for example, when it is narrow at high temperatures-to less favourable circumstances where it is difficult to see as a result of being broad and weak. There is a substantial amount of advantage gained in seeing the weaker resonances by learning how to see the stronger ones.
III. THEORY
At temperatures weil above the Kondo temperature we expect these systems to be described, at least in the first approximation, by Anderson's 7 theory of magnetic atoms. We have utilized this approach to calculate the spin polarization at position r away from an impurity atom. If we are dealing with a magnetic atom, application of the Anderson theory gives us an expression which is essentially that given previously by Gardner and Flynn 8 . (They do not quite give our expression, because they omit it from the stages of their calculation which involve an average over many neighbour positions, as is applicable to the case they studied ofnuclear resonance in liquid metals.) We consider a host Knight shift K, and a change in Knight shift, ~K(r), resulting from the spin polarization. The result is given in equation (3):
where x is the spin susceptibility ofthe impurity, X~ is the spin susceptibility of the conduction electrons per unit volume and p 1 (ftk) is the density of states of one spin orientation per unit volume, ba(k) is the scattering phase shift for spin orientation a for astatein which the total magnetic moment of the atom is parallel to that of the applied field. j 2 and n 2 are the two spherical Bessel functions of l = 2.
In the case of a nonmagnetic atom, i.e. one which does not possess a permanent moment, application of the Anderson theory Ieads to the expression given in equation (4):
where V is the coulomb repulsion term between the up and down spin electrons on the magnetic atom and Ea is the energy ofthe centre ofthe scattering resonance for electrons of spin a. Time does not permit a discussion of these expressions. They should be viewed, however, as statements that the measurement of the Knight shift, 11Kj K, gives one information about the scattering phase shift and its dependence upon energy as a result of the presence of the magnetic atom. + Two additional satellites were seenon the low field side in CuCr. They are essentially field independent from 9 to 14 kG, one being at 57 ± 6G, the other at 129 ± 9G. Most interesting from the point of view of the Kondo effect are the data obtained by Boyce and Slichter 10 on CuFe for which we can follow air, T) from above to below the Kondo temperature. Theseare shown in Figures 1. 2  and 3 . Figure 1 shows the splittings seen versus magnetic field at 300 K. We note that there are five satellites seen. lt is our beliefthat satellite A arises from the first neighbour and that satellite Marises from the second neighbour. Stakeion has observed several of these satellites in single crystals of CuFe. His earlier work on single crystals of Cu Co has enabled him to prove that one of the satellites there arose from the first neighbour. We have tentative evidence from his work that M has the angular dependence appropriate to a second neighbour. shows the splittings themselves plotted versus 1/( T + 29). These are seen to be straight lines. This form of plot emphasizes the low-temperature points. Bearing in mind that the Kondo temperature is 29 K from magnetic susceptibility experiments, we see that the spin polarization has the same temperature dependence. We thus are able to distinguish between the two proposed forms and conclude that equation (1) correctly describes the form ofthe spin polarization. That is to say, the entire temperature dependence is given by the magnetic susceptibility. The Kondo effect is responsible for the temperature dependence of the magnetic susceptibility, but apart from that there is no extra "Kondo compensation' causing a spatial change with temperature.
IV. RESULTS
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